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We find an exact, rotating charged black hole solution within Eddington-inspired Born-Infeld
gravity. To this end we employ a recently developed correspondence or mapping between modified
gravity models built as scalars out of contractions of the metric with the Ricci tensor, and formulated
in metric-affine spaces (Ricci-Based Gravity theories) and General Relativity. This way, starting
from the Kerr-Newman solution, we show that this mapping bring us the axisymmetric solutions of
Eddington-inspired Born-Infeld gravity coupled to a certain model of non-linear electrodynamics.
We discuss the most relevant physical features of the solutions obtained this way, both in the
spherically symmetric limit and in the fully rotating regime. Moreover, we further elaborate on the
potential impact of this important technical progress for bringing closer the predictions of modified
gravity with the astrophysical observations of compact objects and gravitational wave astronomy.
I. INTRODUCTION
Among the many known exact solutions of the field
equations of Einstein’s General Relativity (GR), only
a handful are known to carry actual physical meaning
[1]. Prominent among them is the family of stationary
axisymmetric solutions. Indeed, the unicity’s theorems
[2–4] tell us that the most general electrovacuum such
solution is the Kerr-Newman one, which has been con-
sistently interpreted as the external gravitational field
to a body described solely by mass, electric charge and
angular momentum [5, 6]. The reliability of the Kerr
(i.e. uncharged) solution to describe astrophysical black
holes has been established by several means, including X-
ray spectroscopy from the accretion disk of both stellar
and supermassive black holes [7, 8] as well as via strong
gravitational lensing and shadows (for a recent review
see e.g. [9]), recently culminated in the imaging of the
shadow of the supermassive central object of the M87
galaxy [10]. Furthermore, the gravitational wave output
resulting from the numerical analysis of the merger of two
black holes described by the Kerr solution is compatible
with the waveform signals observed by the LIGO-VIRGO
Collaboration [11, 12].
With the awakening of gravitational wave astronomy
the possibility of testing the strong field regime of the
gravitational field and exploring for hints of new Physics
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beyond that of GR is closer than ever before [13]. The
correct identification and interpretation of such new
physics regarding generation and propagation of gravita-
tional waves in black hole mergers [14–16], for instance,
requires a deep understanding of the underlying phenom-
ena and, for this reason, obtaining exact analytical ro-
tating solutions in different gravity theories and astro-
physical scenarios is a pressing topic in the field. How-
ever, progress in this direction has met with some dif-
ficulties. Firstly, given the additional complexities typ-
ically present within the field equations of most modi-
fied theories of gravity (e.g., their fourth-order nature
and/or their highly non-linear character), solving them
has proven a daunting challenge, typically requiring the
introduction of additional simplifications such as con-
stant curvature solutions, slowly-rotating scenarios or
via numerical approximations, see e.g. [17–32] for some
works on the subject1. Secondly, the development of ad-
vanced numerical codes to address this issue is tightly
attached to the structure of the GR field equations, thus
making the task of adapting them to the structure of the
field equations of each proposal for modified gravity on
a case-by-case basis extremely expensive from the point
of view of computational and human resources. This
state-of-the-art troubles the extraction of useful infor-
mation from different modified theories of gravity in or-
der to discriminate their predictions from those of GR,
for instance, via waveforms/quasi-normalmode spectrum
in current/future observational facilities such as LISA
1 An alternative approach are model-independent parametriza-
tions of the deviations from the Kerr black hole, which has some
advantages as well as some limitations, see e.g. [33, 34].
2[35, 36], or via X-ray spectroscopy in accretion disks
around stellar-mass black holes [37, 38].
The main aim of this paper is to put to work a novel
technical improvement to find an exact rotating black
hole solution of modified gravity. The theories of grav-
ity under consideration are defined via Lagrangian densi-
ties built out of contractions of the Ricci tensor and the
metric tensor (Ricci-Based Gravity theories, or RBGs for
short) and formulated in metric-affine spaces, where met-
ric and affine connection are independent entities [39].
Unlike the usual metric formulation, the metric-affine
framework guarantees for these theories the second-order
and ghost-free character of the corresponding field equa-
tions, which propagate only the two tensorial modes of
the gravitational field at the speed of light, being thus au-
tomatically compatible with the reported data resulting
from the merger of binary neutron stars systems [40].
The rotating black holes presented here are obtained
using a recently established correspondence or mapping
between RBGs and GR, by which the field equations
and the solutions of the later coupled to some matter
Lagrangian can be mapped into the field equations and
solutions of the former coupled to the same matter fields
but with a different Lagrangian density and vice versa
[41]. The power of this method is apparent. Instead of
solving the highly non-linear field equations of the orig-
inal RBG, we can transfer the problem to the GR side,
use the whole known toolkit of analytical and numeri-
cal methods developed there to find a solution, and then
map it back to the original RBG via purely algebraic
transformations. The proof of concept of this correspon-
dence has been explicitly established for electromagnetic
[42, 43] and scalar [44] fields, where the form of some
known exact solutions was obtained, and more recently
employed to find new compact objects in RBGs starting
from a seed canonical scalar field solution of GR [45].
In this work we shall use the Kerr-Newman solution
of GR as the seed to obtain the corresponding solution
in the RBG side, for which we choose the Eddington-
inspired Born-Infeld (EiBI) theory of gravity [46]. This
pick is motivated due to the many applications of this
model in astrophysics and cosmology [47–58] (see [59]
for a review). We shall find that the matter source of
GR, namely, Maxwell electromagnetism, is mapped on
the EiBI side into a Born-Infeld-type electrodynamics
[61]. Though from a physical viewpoint this scenario is
perhaps not the most interesting one (this would corre-
spond to finding the matter counterpart on the GR side
of EiBI gravity coupled to Maxwell electrodynamics), it
will serve, on the one hand, to check the reliability of this
method when applied to axisymmetric scenarios and, on
the other hand, to begin exploring the qualitative differ-
ences of these solutions of modified gravity as compared
to those of the Kerr-Newman black hole. Let us point out
that rotating black holes are expected to discharge due to
several effects [62, 63] and, therefore, from a purely astro-
physical perspective one can safely neglect the residual
charge as a good approximation [64]. However, there are
several mechanisms by which a residual (if tiny) charge
would play a relevant physical role, for instance, on the
interaction of the black hole with their accretion disks
[65] or with cosmic rays passing in their vicinity [66].
Within RBGs, the role of the charge is to feed the new
dynamics engendered by the new couplings with the mat-
ter fields ascribed to these theories. We shall see that,
despite these limitations, the resulting solution will give
us valuable information on the new physics introduced
by these modifications of GR.
This work is organized as follows: in Sec. II we intro-
duce the family of RBGs, construct the map with GR for
anisotropic fluids, and particularize it for the case of EiBI
gravity. In Sec. III electrostatic, spherically symmetric
solutions are constructed via direct resolution of the field
equations and by application of the mapping, verifying
their mutual consistence and finding that GR coupled to
Maxwell electrodynamics maps into EiBI gravity coupled
to Born-Infeld electrodynamics. Subsequently, in Sec. IV
we apply the same map to axisymmetric solutions find-
ing an exact analytical rotating black hole solution, and
characterize its most prominent features. Sec. V contains
our conclusions and some discussion.
II. THE MAPPING METHOD
A. Ricci-based gravities
Let us begin by defining the family of gravitational the-
ories we are interested in. These are given by an action
of the form
SRBG = 1
2κ2
∫
d4x
√−gLG(gµν , Rµν(Γ)) (1)
+
∫
d4x
√−gLm(gµν , ψm) ,
with the following definitions and conventions: κ2 is New-
ton’s constant in suitable units (in GR, κ2 = 8πG), g is
the determinant of the space-time metric gµν , which is
a priori independent on the affine connection Γ ≡ Γλµν
(metric-affine or Palatini formalism), from which the
Ricci tensor follows as Rµν(Γ) ≡ Rαµαν(Γ). As we
are dealing with minimally coupled bosonic fields in this
work, torsion can be safely neglected [67], and we can fur-
ther keep just the symmetric piece of the Ricci tensor2 in
the action (1). The RBG Lagrangian density LG is built
in terms of powers of traces of the objectMµν ≡ gµαRαν
which includes, as particular examples, GR itself, f(R)
2 These conditions guarantee the invariance of these theories un-
der the so-called projective transformations, Γλµν → Γ
λ
µν + ξµδ
λ
ν ,
where ξµ is an arbitrary one-form field associated to the gauge
freedom in the parametrization of particle paths. This safeguards
the theory against ghost-like degrees of freedom associated to the
non-projectively invariant sector, see [68, 69] for details.
3gravity, Ricci-squared gravities, EiBI gravity and its ex-
tensions [59], among many others. Finally, the matter
Lagrangian Lm is assumed to depend on the metric and
the matter fields ψm, but not on the connection, in order
to ensure the fulfillment of the equivalence principle [70].
It has been shown in [59] that the field equations of
any RBG defined by the action (1) can be written as
Gµν(q) =
κ2
|Ωˆ|1/2
[
T µν − δµν
(
LG + T
2
)]
, (2)
where Tµν ≡ 2√−g δSmδgµν is the stress-energy tensor of the
matter, and T ≡ gµνTµν its trace. Here qµν repre-
sents the Einstein frame metric, which is the one the
independent connection is compatible with it, that is,
∇Γµ(
√−qqαβ) = 0. This metric is related to the space-
time metric gµν , which is the one the matter fields couple
to (recall Eq.(1)), via a relation of the form
qµν = gµαΩ
α
ν , (3)
where Ωˆ ≡ Ωαν is the deformation matrix (hereafter a
hat denotes a matrix and vertical bars its determinant),
whose explicit form depends on the particular LG chosen,
but which can always be written on-shell as a function
of the matter fields and (possibly) the space-time metric
as well (and the same applies to LG itself). The field
equations (2) feature their second-order and gauge-free
character, recover the GR solutions in vacuum (since in
such a case T µν = 0 one has R
µ
ν(q) = 0 and qµν = gµν ,
modulo a trivial constant re-scaling), and propagate two
tensorial polarizations of the gravitational field (gravita-
tional waves) traveling at the speed of light.
B. Mapping with anisotropic fluids
The form of the field equations (2) compellingly invite
us to rewrite them under the standard Einsteinian form
of GR, that is
Gµν(q) = κ
2T¯µν(q) , (4)
where from (2) the new stress-energy tensor is given by
T¯ µν(q) =
1
|Ωˆ|1/2
[
T µν − δµν
(
LG + T
2
)]
. (5)
If one could find a T¯µν(q) such that its dependence on gµν
could be completely eliminated in favor of qµν and the
matter fields, then a correspondence between the original
RBG and GR would be established. To illustrate how
this is possible, and to work with relative generality, let
us consider the coupling of a generic RBG to a matter
source represented by an anisotropic fluid stress-energy
tensor of the form
T µν = (ρ+ p⊥)uµuν + p⊥δµν + (pr − p⊥)χµχν , (6)
where normalized timelike gµνu
µuν = −1 and spacelike
gµνχ
µχν = +1 vectors have been introduced, while ρ is
the fluid energy density, pr its pressure in the direction
of χµ, and p⊥(r) its tangential pressure in the direction
orthogonal to χµ. As we will see, electric fields (among
many other examples) can be described as anisotropic
fluids of the form given above. This will facilitate our
analysis of rotating electrically charged solutions.
Assuming now the existence of another anisotropic
fluid on the GR frame (4), given also by Eq.(6), but with
new functions {ρq, pqr, pq⊥}, i.e.,
T¯µν = (ρ
q + pq⊥)v
µvν + p
q
⊥δ
µ
ν + (p
q
r − pq⊥)ξµξν , (7)
for new timelike, qµνv
µvν = −1, and spacelike,
qµνξ
µξν = +1 vectors, then the relations (5) explicitly
formalize into
pq⊥ =
1
|Ωˆ|1/2
[
ρ− pr
2
− LG
]
(8)
ρq + pq⊥ =
ρ+ p⊥
|Ωˆ|1/2 (9)
pqr − pq⊥ =
pr − p⊥
|Ωˆ|1/2 . (10)
These scalar relations must be supplemented with the
relations uµuν = v
µvν and χ
µχν = ξ
µξν . One can eas-
ily verify that for an anisotropic fluid and a given RBG
Lagrangian, Ωµν in Eq.(3) can always be written as
Ωµν = αδ
µ
ν + βu
µuν + γχ
µχν , (11)
or, equivalently, as
Ωµν = αδ
µ
ν + βv
µvν + γξ
µξν , (12)
where α, β, and γ are functions of the variables ρ, pr, p⊥
or, equivalently, of ρq, pqr, p
q
⊥. The explicit form of all
these functions depends on the specific RBG Lagrangian
that one considers.
C. Example: EiBI gravity with electromagnetic
fields
To work out an explicit scenario, let us consider EiBI
gravity, whose action can be expressed under the compact
form [59]
SEiBI = 1
κ2ǫ
∫
d4x
(√−q − λ√−g) . (13)
Here qµν ≡ gµν + ǫRµν(Γ) denotes the connection-
compatible metric in this case, ∇Γµ(
√−qqαβ) = 0, and
ǫ is a parameter with dimensions of length squared, such
that a perturbative expansion in series of |Rµν | ≪ 1/ǫ
brings (13) into
SEiBI ≈
∫
d4x
√−g
(
R
2κ2
− Λeff
)
(14)
− ǫ
4κ2
∫
d4x
√−g
(
−R
2
2
+RµνR
µν
)
+O(ǫ2) ,
4which is nothing but GR with an effective cosmological
constant Λeff =
λ−1
κ2ǫ , supplemented by quadratic cur-
vature corrections. For the action (13) the deformation
matrix is determined by the relation [59]
|Ωˆ|1/2(Ω−1)µν = λδµν − κ2ǫT µν , (15)
while the EiBI Lagrangian above can be conveniently ex-
pressed as
LG = |Ωˆ|
1/2 − λ
κ2ǫ
. (16)
Using Eq.(15) and the expression for the stress-energy
tensor (6), one finds
|Ωˆ|1/2(Ωµν)−1 = (λ− ǫκ2p⊥)δµν (17)
− κ2ǫ [(ρ+ p⊥)uµuν + (pr − p⊥)χµχν ] ,
which can also be written in terms of the Einstein frame
variables using Eqs.(8), (9) and (10) as
(Ωµν)
−1 =
(
1− ǫκ
2
2
[ρq − pqr]
)
δµν (18)
− κ2ǫ [(ρq + pq⊥)vµvν + (pqr − pq⊥)ξµξν ] .
Using the fundamental relation (3), one finds the space-
time metric in the RBG frame as
gµν =
(
1− ǫκ
2
2
[ρq − pqr]
)
qµν (19)
− κ2ǫ [(ρq + pq⊥)vµvν + (pqr − pq⊥)ξµξν ] .
This last relation is extremely powerful as it provides
a solution for the EiBI theory starting from any known
solution in GR supported by an anisotropic fluid source.
Since the matter Lagrangian densities generated on
either RBG and GR sides will be typically non-linear,
let us now busy ourselves with non-linear electrody-
namics (NED). These can be defined in terms of a La-
grangian density ψ(X,Y ), where X = − 12FµνFµν and
Y = 12FµνF
∗µν are the two field invariants that can be
built out of the field strength tensor Fµν = ∂µAν − ∂νAµ
and its dual F ∗µν = 12ǫ
µναβFαβ , where Aµ is the vector
potential. Spherically symmetric electrostatic fields have
a single non-vanishing component Ftr 6= 0 (thus Y = 0)
and can be read off as fluids satisfying pr = −ρ and
p⊥ = K(ρ), where the function K(ρ) characterizes (im-
plicitly) the corresponding electrodynamics theory via
the identifications [42]
ψ(X) = 8πK(ρ) (20)
ψ − 2XψX = −8πρ . (21)
Now, the mapping equations (8), (9) and (10) for this
combination of EiBI gravity (13) with electrostatic fields
establish that (here tildes denote an implicit factor ǫκ2)
[42]
ρ˜BI =
λρ˜GR − (λ − 1)
1− ρ˜GR (22)
K˜BI =
λK˜GR + (λ− 1)
1 + K˜GR
. (23)
These equations imply that, in general, any matter de-
scribed by a NED on the RBG side, as defined by K˜BI,
will be mapped into a different NED on the GR side,
K˜GR. This fact can be proved in general, irrespective of
the restriction to spherical symmetry [60]. To be more
concrete, let us consider standard Maxwell electrody-
namics on the GR side, ψGR(X) = X , which satisfies
K˜GR = ρ˜GR. Thus, Eqs.(22) and (23) imply that (from
now one we shall restrict ourselves to asymptotically flat
solutions, λ = 1)
K˜BI =
ρ˜BI
1 + 2ρ˜BI
. (24)
In order to get the NED associated to this fluid, we write
the relations (20) and (21) under the explicit form
ψ = 8π
ρBI
1 + 2ρ˜BI
(25)
ψ − 2XψX = −8πρBI . (26)
The solution to this system of equations is
ψ(X) =
4π
κ2ǫ
(
1−
√
1− κ
2ǫ
2π
X
)
, (27)
where an integration constant has been set to get
Maxwell electrodynamics in the ǫ → 0 limit, that is,
lim
ǫ→0
ψ(X) ≈ X . It is worth noting the resemblance be-
tween this NED and the well known Born-Infeld theory
of electrodynamics, which is of the form [61]
ψBI(X) = 2β
2
(
1−
√
1− X
β2
)
. (28)
By identifying β2 → 2π/κ2ǫ the correspondence is ex-
act. One should note that the sign of ǫ is not necessarily
positive, whereas β2 is typically seen as positive in NED
scenarios.
Let us further elaborate on the result above. In order
to generate a rotating solution in the EiBI gravity theory
starting with known solutions in GR, for the sake of this
paper we wish to use the Kerr-Newman solution. That
solution involves a rotating Maxwell electric field, which
is equivalent to a rotating anisotropic fluid with K˜GR =
ρ˜GR. Mapping this solution into the EiBI theory implies
coupling it to the Born-Infeld-type NED of Eq.(27)3. To
be precise, we find a correspondence between
SGR+Max = 1
2κ2
∫
d4x
√−gR+ 1
8π
∫
d4x
√−gX , (29)
3 Let us point out that, though for the sake of this paper we have
explicitly shown this correspondence between these two theories
for the case of spherically symmetric solutions, indeed, it can be
proven [71] that it holds no matter the symmetry of the space-
time background. This guarantees that we can safely use it when
dealing with axially symmetric solutions in next section.
5and
SEiBI+BI = 1
κ2ǫ
∫
d4x
[√
−|gµν + ǫRµν | −
√−g
]
+
1
8π
∫
d4x
√−gψBI(X) . (30)
In some previous works on electrostatic fields within EiBI
gravity [72] we had assumed that ǫ < 0, which implies
that the corresponding NED has the wrong sign as com-
pared to the standard Born-Infeld NED. In Ref.[73] the
case of quadratic gravity4 coupled to Born-Infeld NED
was studied but that NED has the opposite sign to that
presented here. Let us point out that, though some as-
pects of the scenario considered here were analyzed in
Ref. [57], our considerations in the next section will
present complementary information to the one presented
there and, moreover, it will allow to compare the results
obtained by direct attack in that work and via the map-
ping introduced here. This scenario will help us to build
confidence on the reliability of the mapping procedure
before addressing the rotating case.
III. SPHERICALLY SYMMETRIC SOLUTIONS
OF EIBI GRAVITY COUPLED TO
BORN-INFELD NED
A. Generating the solutions via direct calculation
The field equations for a free NED field take the form
∂µ (
√−gψXFµν) = 0 which, for static, spherically sym-
metric electric fields lead to Xψ2X = Q
2/r4, where Q is a
constant identified as the electric charge. We are assum-
ing a line element for gµν of the form
ds2g = −A(r)dt2 +B(r)dr2 + r2(dθ2 + sin2 θdϕ2) . (31)
For the NED model (27), one finds that the NED equa-
tion can be solved as
X =
Q2
r4 + 4sr4c
, (32)
where we have introduced the scale r4c ≡ |ǫ|κ2Q2/8π and
s denotes the sign of ǫ, that is ǫ = s|ǫ|. On the other
hand, the stress-energy tensor associated to a given NED
takes the form
T µν =
1
8π
(
(ψ − 2XψX)Iˆ2×2 0ˆ2×2
0ˆ2×2 ψIˆ2×2
)
, (33)
4 In the context of NEDs, quadratic gravity (in the Ricci and Ricci-
squared scalars) and EiBI gravity yield exactly the same electro-
static solutions due to the peculiar behaviour of the powers of
the electromagnetic stress-energy tensor in that case, see [42] for
a detailed discussion of this point.
where Iˆ and 0ˆ are the 2 × 2 identity and zero matrices,
respectively. Upon replacement of the Born-Infeld NED
model (27) and the field (32), the above expression be-
comes
T µν =
(
T+Iˆ2×2 0ˆ2×2
0ˆ2×2 T−Iˆ2×2
)
, (34)
where
T+ = +
sQ2
16πr4c
(
1−
√
r4 + 4sr4c
r2
)
(35)
T− = − sQ
2
16πr4c
(
r2√
r4 + 4sr4c
− 1
)
. (36)
It is easily seen that the above expressions recover the
Maxwell ones when expanded in series of rc → 0. Now,
replacing them into the definition of the deformation ma-
trix (15), it also inherits a structure of 2×2 blocks of the
form
Ωµν =
(
Ω+Iˆ2×2 0ˆ2×2
0ˆ2×2 Ω−Iˆ2×2
)
, (37)
where we have
Ω+ =
1
2
(
1 +
r2√
r4 + 4sr4c
)
(38)
Ω− =
1
2
(
1 +
√
r4 + 4sr4c
r2
)
. (39)
The RBG field equations (2) are thus written in this case
as
Rµν(q) =
κ2
|Ωˆ|1/2
(
(LG + T+)Iˆ2×2 0ˆ
0ˆ (LG + T−)Iˆ2×2
)
,
(40)
where |Ωˆ|1/2 = Ω+Ω−, with the above expressions for T±
and Ω±, while for the EiBI Lagrangian LG reads as in
Eq.(16). Since in the expression (40) the right-hand-side
contains the radial coordinate of the metric gµν , while the
left-hand side the one of the metric qµν , we need next to
work out the relation between them. To this end, we
introduce the line element for the qµν metric as
ds2q = −C(x)e2ψ(x)dt2+
1
C(x)
dx2+ x2(dθ2+sin2 θdϕ2) ,
(41)
Comparing the angular sectors of (41) and (31) via the
fundamental relation (3) with the structure (37) for this
case, one finds x2 = Ω−r2, which leads to the explicit
expressions
r2 =
x4 − sr4c
x2
(42)
x2 =
1
2
(
r2 +
√
r4 + 4sr4c
)
. (43)
On the other hand, from the structure in 2×2 blocks of
the field equations (40) one can consider the substraction
6Rtt(q)−Rxx(q) = 0 yielding ψ(x) =constant, which can
be put to zero by a redefinition of the time coordinate
without loss of generality. Introducing now the standard
mass ansatz
C(x) = 1− 2M(x)
x
, (44)
the Rθθ component of the field equations (40) leads to
2Mx
x2
=
κ2√
|Ω| (LG + T−) , (45)
which, in terms of the variable r, can be written, using
(42), as
Mr =
κ2Ω
1/2
−
2Ω+
(LG + T−)r2
[
1 +
r
2
Ω−,r
Ω−
]
(46)
=
κ2Q2
8π
√
2
r
√
r2 +
√
r4 + 4r4cs(
r2
(
r2 +
√
r4 + 4r4cs
)
+ 4r4cs
) .
The integration of this function is straightforward and
leads to
M(r) =M0 − κ
2Q2
8π
√
2
1√
r2 +
√
r4 + s4r4c
, (47)
where M0 is an integration constant that can be identi-
fied with the asymptotic Schwarzschild mass. It is worth
noting that using (43) the above mass function turns into
M(r(x)) =M0 − κ
2Q2
16πx
, (48)
which is nothing but the Reissner-Nordstro¨m mass func-
tion in terms of the radial coordinate x. Finally, the full
expression for the space-time metric can be worked out
using again (3) as
ds2 = −C(x)
Ω+
dt2 +
dx2
C(x)Ω+
+ r2(x)(dθ2 + sin2 θdϕ2) ,
(49)
where C(x) is given by (44) for the mass function (48)
and r2(x) is given in (42), while the Ω± functions (38)
and (39) can be directly expressed in terms of the coor-
dinate x as
Ω+ =
1
1 +
sr4
c
x4
(50)
Ω− =
1
1− sr4cx4
. (51)
This completes our construction of the solutions by direct
calculation. Note that setting rc → 0, we recover the
Reissner-Nordstro¨m solution of GR, as expected.
B. Generating the solutions via the mapping
We will now use the final mapping equation presented
in (19) to derive the above solutions using the Reissner-
Nordstro¨m solution of GR as the seed one. The Einstein-
frame metric qµν is thus given by Eq.(41) with the metric
functions
ψ = 0 ; C(x) = 1− rS
x
+
r2q
2x2
, (52)
where rS ≡ 2M0 is the Schwarzschild radius, and r2q =
κ2Q2/(4π) the charge radius. For a Maxwell field, in the
fluid view its components are given by
ρq =
r2q
2κ2x4
(53)
pq⊥ = ρ
q = −pqr (54)
vµ = (−C(x)1/2, 0, 0, 0) (55)
ξµ = (0, C(x)
−1/2, 0, 0) . (56)
With these definitions and using Eq.(18), for a Maxwell
field the Ω± functions take the form
Ω+ =
1
1 + ǫκ2ρq
(57)
Ω− =
1
1− ǫκ2ρq . (58)
One can readily check that these expressions coincide
with those given in (50) and (51) when ρq is written us-
ing (53). It is thus immediate to verify that the metric
functions in (31) read A(r(x)) = C(x)/Ω+, B(r(x)) =
(dx/dr)2/(C(x)Ω+), and r
2(x) = x2/Ω−, in complete
agreement with the line element (49) and the definitions
introduced so far.
This verifies that not only does Maxwell theory coupled
to GR, as defined by action (29), maps into a Born-Infeld-
type NED coupled to EiBI gravity, as defined by action
(30), but also are their solutions mapped into each other.
This has just been checked for the electrostatic configu-
rations. Let us study next the properties of the configu-
rations just obtained, from which valuable lessons will be
learned before addressing the highly involved structure of
their rotating counterparts.
C. Properties of the solutions
The relation of Eq.(42) between the radial functions
in the qµν and gµν geometries depends on the sign of ǫ.
By direct inspection of this equation for the case ǫ >
0 (equivalently, s = +1), r(x) is positive only if x >
rc as shown in Fig.1. Therefore, the area of the two-
spheres, A = 4πr2(x), is only positive in that region and,
consequently, the geometry is only defined for x ≥ rc,
with x = rc representing its center.
For the case s = −1, r(x) has a minimum at x = rc,
growing again in the interval 0 ≤ x < rc, and becom-
ing infinite as x → 0. The bounce in the r(x) function
7Figure 1. Radial function r(x) for the case s = +1. From
left to right, the curves represent rc = 0 (GR case, r = x,
dashed black) rc = 0.3 (solid blue), rc = 0.5 (solid orange)
and rc = 0.7 (solid green). On each case, when x = rc,
the radial function r(x) vanishes, and the solutions cannot be
further extended beyond this point.
signals the existence of a wormhole structure [74], with
its throat located at x = rc (where r =
√
2rc), as is ap-
parent from Fig.2. Two comments are in order. First,
as opposed to other wormholes found in other Palatini
settings [75], here the coordinate x does not extend over
the entire real line, which means that we are dealing with
a kind of asymmetric wormhole, which interpolates from
asymptotic infinity to the central region of these objects.
Second, given the fact that for scales much larger than rc,
it is easy to see that (49) recovers the Reissner-Nordstro¨m
solution (52) of GR because Ω± → 1, this means that our
solution will only depart from the well known GR results
at those scales in which Ω± become important (this last
statement is true for both s = ±1 branches). Therefore,
astrophysical-size solutions of this kind would presum-
ably look very much like the GR charged black hole but
by tiny corrections, and with a wormhole lurking on its
interior.
1. Horizons
By direct calculation, one finds that the norm of vec-
tors normal to the x = constant hypersurfaces, nµ ≡
gµν∂νx, is given by
nµnµ =
x2
(
r2q/2 + x
2 − rSx
)
(x4 + sr4c )
, (59)
which, in general, vanishes at
xRN± =
rS ±
√
r2S − 2r2q
2
=M ±
√
M2 − κ
2Q2
8π
, (60)
where x = xRN± represents the location of the usual hori-
zons of the Reissner-Nordstro¨m solution. The metric
Figure 2. Radial function r(x) for the case s = −1. Same
notation as in Fig.1. In this case a bounce at x = rc occurs
for every value of rc, signalling the presence of the throat of
a wormhole.
component gtt(x) defined in Eq.(49) can be explicitly ex-
pressed in terms of the coordinate x as
gtt(x) = −
(
1 + s
r4c
x4
)(
1− rS
x
+
r2q
2x2
)
, (61)
Let us consider first the case ǫ > 0 (s = +1). Since
the term inside the first parenthesis in (61) is always fi-
nite and positive, the structure of horizons is controlled
by the (Reissner-Nordstro¨m-like) term inside the second
parenthesis, where we bear in mind that since x ≥ rc this
term will be always finite as well and, moreover, its roots
will be given by xRN± in Eq.(60). Therefore, there are
several possible configurations depending on the choice of
the black hole parameters and the EiBI/BI parameter |ǫ|.
The discussion simplifies if one writes the location of the
horizons in terms of r(x) as r± =
√
(xRN± )4 − r4c/xRN± .
This clearly shows that when xRN± > rc, one finds the
presence of Reissner-Nordstro¨m type solutions with two
horizons, a single but degenerate horizon (corresponding
to extreme black holes) or no horizons (naked solutions).
For xRN− < rc < x
RN
+ , the solutions are Schwarzschild-
like black holes, which have a single non-degenerate hori-
zon. Finally, for xRN± < rc they have no horizons. For all
of them the metric component gtt(r) is finite at r = 0 for
every rc 6= 0, as depicted in Fig.3. It is worth mentioning
that this structure of horizon mimics the one of certain
families of NED models coupled to GR [76].
For the case s = −1, we first note that gtt(x) vanishes
always at x = rc, as it follows directly from Eq.(61).
However, it is unclear if such a point is a null hyper-
surface or not because rather than vanishing, the norm
(59) there is divergent. Given that the time-like Killing
vector ∂t always has vanishing norm at x = rc and that
nµnµ changes sign across this hypersurface, it is advis-
able to pay more careful attention to our choice of coor-
dinates. In order to do so, we rewrite Eq.(49) in terms
8Figure 3. Metric component gtt(r), for the case s = +1 and
rc = 0.5. One finds i) Reissner-Nordstro¨m-like solutions with
two (blue solid, rq = 1, rs = 1.5), a single degenerated (blue
dashed, rq = 1, rs =
√
2) and no horizons (blue dotted, rq
= 3, rs = 2); ii) Schwarzschild-like solutions with a single
horizon (red, rq = 1, rs = 2); iii) solutions with no horizons
(green, rq = 0.5, rs = 1.3). All solutions are asymptotically
flat, gtt → −1 as r →∞.
of Eddington-Finkelstein coordinates as
ds2 = −
(
1 +
sr4c
x4
)
C(x)dv2 + 2
(
1 +
sr4c
x4
)
dvdx
+ r2(x)(dθ2 + sin2 θdϕ2) . (62)
It is now evident that for s = −1 the metric is singular at
x = rc, which might be the cause of the ill-defined norm
of the x =constant hypersurfaces precisely there. We can
thus assume that x is not a good coordinate at x = rc so
that a new coordinate y(x) satisfying ±
(
1− r4cx4
)
dx =
dy could fix the problem in the metric, with the plus
sign corresponding to x > rc and the minus to x < rc
to guarantee the monotonicity of y. The corresponding
change of coordinates is then given by
y =
{
x+
r4
c
3x3 if x ≥ rc
8
3rc −
(
x+
r4
c
3x3
)
if 0 < x ≤ rc
, (63)
and turns (62) into
ds2 = −
(
1− r
4
c
x(y)4
)
C[x(y)]dv2 + 2dvdy
+
(
x(y)2 +
r4c
x(y)2
)
(dθ2 + sin2 θdϕ2) , (64)
which now is nonsingular at y(x = rc) = 4rc/3. One
can check that the norm of the vector normal to the y =
constant hypersurfaces5 is now given by
n˜µn˜µ =
(
1− r
4
c
x(y)4
)
(x(y)− xRN+ )(x(y) − xRN− )
2x2
,
(65)
5 It should be noted that this is equivalent, up to a constant, to
that of the hypersurfaces of constant area A = 4pix2(1+ r4c/x
4).
Figure 4. Metric component gtt(r), for the case s = −1 and
rc = 0.5 and values of rq =
√
3, rs = 2.5 (solid blue); rq =√
1.5, rs = 2 (dashed blue); rq =
√
2, rs = 2 (solid red);
rq = 1/
√
2, rs = 1 (dashed red) and rq = 3/2, rs = 1/2
(green).
and clearly vanishes at x = xRN± and at x = rc, with
the latter being unavoidable as long as there is charge.
As a comparison with the s = +1 case, in Fig.4 we have
plotted the metric gtt as a function of the radial function
r(x), where we observe that this metric component is zero
at the wormhole throat, x = rc or r =
√
2rc, as expected.
2. Curvatures
A glance at the behavior of curvature scalars provides
additional useful information. In fact, for ǫ > 0 one can
check that the Ricci and Ricci-squared scalars diverge at
x = rc, the former as R ∼ 1/(x − rc)2 and the latter
as RµνR
µν ∼ 1/(x − rc)4. For ǫ < 0, one finds instead
R ∼ 1/(x− rc)3 and RµνRµν ∼ 1/(x− rc)6.
Interestingly, that generic behavior can be softened by
a specific choice of parameters. Indeed, if we set
rS ≡ rc +
r2q
2rc
, (66)
then for both signs of ǫ we get R ∼ 1/(x − rc) and
RµνR
µν ∼ 1/(x − rc)2. Moreover, for that choice of rS ,
one finds that
xRN− = rc and x
RN
+ =
r2q
2rc
(67)
with rS = rc + x
RN
+ > rc. Note that these quanti-
ties are completely determined by the charge (recall that
r2q ≡ κ2Q2/4π and r4c ≡ |ǫ|r2q/2). When s = +1, then
we have that xRN+ represents an outer horizon, while
x = xRN− represents an inner horizon located right at
the center of the object (vanishing area). For s = −1,
a glance at Eq.(65) shows that the normal vector at
x = xRN− = rc has a vanishing norm and, therefore, it
can be regarded as an inner horizon. These solutions
are thus characterized by two (event and inner) horizons.
9Given that r4c ≡ |ǫ|r2q/2, we have that for this family of
solutions xRN− ∼ r1/2q and xRN+ ∼ r3/2q grow with the
charge at different rates, which may lead to configura-
tions with xRN− > x
RN
+ . Thus, the wormhole throat
may lie inside the horizon, if xRN+ > rc, or outside, if
xRN+ < rc. The equality occurs when the extremality
condition xRN+ = x
RN
− = rc is satisfied, which implies
r2c = r
2
q/2 or, equivalently, rq ≡ rextq =
√
2|ǫ|.
Turning back to the curvatures, one finds that taking
the additional constraint
rq =
√
22
17
rc =
11
17
rextq , (68)
in the ǫ < 0 (s = −1) case yields completely regular
curvature invariants (including the Kretschmann scalar),
while no choice of rq can cure the Ricci and Ricci-squared
(or Kretschmann) curvature scalars simultaneously in the
ǫ > 0 (s = +1) case. It should be noted that this regular
configuration of the s = −1 case is to be regarded as
microscopic, since |ǫ| is expected to be very small and we
are assuming that (66) can be at least of order rc.
As a final comment, we note that the curvature scalars
as x → 0 in the ǫ < 0 case are also finite there, tak-
ing the values R = 36/|ǫ|, RµνRµν = 396/ǫ2, and
RαβµνRα
βµν = 408/ǫ2, respectively.
3. Surface gravity
From a thermodynamic point of view, it is remarkable
that the surface gravity of the usual horizons takes the
form
κ± =
xRN± − xRN∓
2(xRN± )2
, (69)
regardless of the sign and value of ǫ. This means that the
temperature of these horizons, T± = κ±/4π, is exactly
the same as in GR. For those configurations satisfying
Eq.(66), the discussion depends on the sign of ǫ as follows.
If s = +1, then xRN− = rc is a null hypersurface (of
vanishing area, see Eq.(42)) with an associated temper-
ature given by (69). The outer/inner horizon has posi-
tive/negative temperature until rq =
√
2|ǫ| ≡ rextq , which
defines the zero temperature degenerate configuration.
For smaller values of rq, the outer horizon disappears
and it is the inner one (with vanishing area and fixed at
xRN− = rc) which develops a positive temperature. This
temperature grows unbounded as the charge goes to zero
and rc shrinks, which indicates that the extremal config-
uration must be an equilibrium point [see Fig.5]. One can
verify that the entropy associated to this horizon stays
constant at the value S = πr2c regardless of the tempera-
ture, which diverges as ∼ 1/√rq. Obviously, there is no
natural statistical interpretation of this entropy in terms
of microscopic states.
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Figure 5. Representation of the surface gravity when Eq.(66)
is fulfilled. The (green) curve represents the inner horizon
temperature, κ−, while the red one is the outer horizon, κ+.
Note that κ+ = κ− = 0 in the extremal case (rq =
√
2|ǫ|).
Recall that for this choice of rS the inner horizon is fixed at
the location x = rc.
.
When s = −1, we saw that x = rc also represents an
event horizon. In this case, the surface gravity takes the
general form
κc = lim
x→rc
2r2c + r
2
q − 2rcrS
4r2c(x − rc)
, (70)
which is always divergent except when the condition (66)
is satisfied. In that case, it leads to κc = (rc−r2q/2rc)/r2c ,
which can also be expressed as κc = (x
RN
− − xRN+ )/r2c ,
recovering in this way the general formula (69). This
result further reinforces the exceptional character of the
configurations satisfying the constraint (66). Note that
the zero temperature case occurs when xRN+ coincides
with the wormhole throat.
4. Geodesics
To gain further insight on the geometry of these so-
lutions, let us now focus on their geodesic structure.
The geodesic equation for a static spherically symmet-
ric space-time [75] can be particularized to the present
case as follows:(
1 +
sr4c
x4
)2(
dx
du
)2
= E2 − Veff , (71)
where u is the affine parameter and Veff the effective
potential, which is explicitly obtained as
Veff =
(
1 +
sr4c
x4
)(
1− rS
x
+
r2q
2x2
)(
L2x2
x4 − sr4c
− k
)
,
(72)
where E and L are the energy per unit mass and angular
momentum per unit mass, respectively, and k = 0,−1
for null and time-like geodesics, respectively. For null
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Figure 6. The affine parameter E · u versus the radial coor-
dinate x for ingoing (blue) and outgoing (orange) null radial
geodesics in the case s = +1 with rc = 0.5 and u0 = 0. These
geodesics reach the surface x = rc in finite affine time and
end there, since there is no further space-time these geodesics
could be continued to. The black dashed lines correspond to
null radial geodesics for GR, which are also incomplete.
(k = 0) radial (L = 0) geodesics this equation can be
exactly integrated as
x
(
1− sr
4
c
3x4
)
= ±E(u− u0) , (73)
where the ± sign corresponds to outgoing/ingoing
geodesics, and u0 is an integration constant. For large
distances, x→∞, one finds the GR result, x = ±E(u−
u0).
In the case s = +1, the surface x = rc is reached in fi-
nite affine time, like x = 0 in the GR case and, therefore,
these solutions are said to be geodesically incomplete be-
cause they hit a curvature divergence and there is no
possible further extension beyond this point [see Fig.6].
When s = −1, the situation requires a bit more of
attention in order to make sure that outgoing geodesics
have dx/du ≥ 0 and ingoing geodesics dx/du ≤ 0 all over
their domains. In this regard, for outgoing geodesics we
have (
r4c
x4
− 1
)
dx
du
= E if x ≤ rc (74)(
1− r
4
c
x4
)
dx
du
= E if x ≥ rc , (75)
whose integration leads to
E · u(x) =


8rc
3 − x
(
1 +
r4
c
3x4
)
if x ≤ rc
x
(
1 +
r4
c
3x4
)
if x ≥ rc
(76)
For ingoing geodesics we only have to change the sign in
front of E above. As can be seen from the above solution,
as x → ∞ we have u(x) → +∞, while as x → 0 we get
u(x) → −∞, which confirms that these geodesics would
be complete [see Fig.7] if we were allowed to match them
Figure 7. The affine parameter E · u versus the radial co-
ordinate x for ingoing (blue) and outgoing (orange) radial
null geodesics in the case s = −1, setting rc = 0.5 and
u0 = 0. Since the range of u(x) covers the whole real axis,
these geodesics are complete. The GR result is also plotted
(black dashed), to compare it with the results of our geometry.
at the wormhole throat, were curvature scalars generi-
cally diverge. In this respect, it is important to note that
these radial null geodesics are insensitive to the depen-
dence of the metric on rq and rS . Note also that, as we
saw above in Sec. III C 2, there is a specific choice of pa-
rameters for which no curvature divergences arise at the
throat, see Eq.(68). Since there is no reason to suspect
that null radial geodesics are incomplete in that case, and
the geodesic equation is the same for all cases, it seems
legitimate to accept their completeness in all the s = −1
cases. As a final remark in this regard, one should note
that even in the case in which the Ricci, Ricci-squared,
and Kretschman scalars are finite, it is always possible
to build new ad hoc scalars such that divergences may
arise at any point that we may wish. Given that there
is not an obvious or privileged category of fundamental
scalars, it is unclear what the implications of the diver-
gence of particular curvature scalars for the extendibility
of geodesics might be.
The discussion of timelike and nonradial null geodesics
presents a richer phenomenology that will be presented
elsewhere.
IV. A ROTATING BLACK HOLE SOLUTION
A. Derivation of the solution
Let us now busy ourselves with the derivation of the ro-
tating black hole solution, which is the main result of this
work. Attempting to obtain rotating solutions via direct
resolution of the field equations is a highly non-trivial
challenge for any modified theory of gravity, which one
can only face once a reasonable ansatz has been found
by some means, or via some suitable algorithm, like the
Janis-Newman one [77]. In our case we will use the same
approach of the static case to map the charged rotating
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(Kerr-Newman) solution of GR into the corresponding
one in the EiBI model, suitably adapting it to the par-
ticular structure of axisymmetric solutions. The process
to achieve this goal goes as follows:
1. Take the Kerr-Newman solution of GR in some
coordinate system and compute the corresponding
Einstein tensor.
2. Interpret that solution as generated by the stress-
energy tensor of an anisotropic fluid. A direct
comparison of the Kerr-Newman Einstein tensor
with the stress-energy tensor of the fluid provides
concrete expressions for the fluid density/pressure
functions and the fluid’s angular velocity ω.
3. Use those expressions to generate the correspond-
ing solution in the EiBI theory using the relations
(19).
Before proceeding we first note that, unlike in the
Reissner-Nordstro¨m case, where the vector vµ only has
the temporal component, for the Kerr-Newman solution
the fluid velocity vector has a spatial component, namely
(assuming motion in the φ direction only)
vµ = (vt, 0, 0, vφ) , (77)
where typically vφ is written as vφ = ωvt, with ω repre-
senting the angular velocity, i.e., ω ≡ dφ/dt. The nor-
malization of the vector vµvνqµν = −1 implies that
vt =
1√−(qtt + ωqtφ + ω2qθφ) , (78)
but it does not constraint the form of ω, which must be
set by other means. In this case, ω represents the angu-
lar velocity of observers comoving with a fluid that mim-
ics the same external field as a rotating electric charge.
Recall that for a Maxwell electric field, the density and
pressures of the equivalent fluid satisfy Eq.(54). The nor-
malization of the spatial vector ξµ is enough to fully
constrain its only spatial component, ξµ = (0, ξx, 0, 0),
giving ξx = 1/
√
qxx. Thus, from the comparison of the
Einstein tensor and the fluid stress-energy tensor we will
need to solve for the energy density ρ and the angular
velocity ω.
Let us now write the Kerr-Newman solution of GR
using (t, x, θ, φ) coordinates in Boyer-Lindquist form as
[63]
qµν =


−(1− f) 0 0 −af sin2 θ
0 Σ∆ 0 0
0 0 Σ 0
−af sin2 θ 0 0 (x2 + a2 + fa2 sin2 θ) sin2 θ


(79)
where 0 ≤ a ≤ 1 is the spin parameter and the following
definitions apply
f =
rSx− r2q/2
Σ
=
x2 + a2 −∆
Σ
Σ = x2 + a2 cos2 θ (80)
∆ = x2 − rSx+ a2 + r2q/2 .
The corresponding Einstein tensor for this line element
can be conveniently written as
Gµν =


−r2
q(x
2+a2[1+sin2 θ])
2Σ3 0 0
ar2
q(a
2+r2) sin2 θ
Σ3
0
−r2
q
2Σ2 0 0
0 0
r2
q
2Σ2 0
−ar2
q
Σ3 0 0
r2
q(x
2+a2[1+sin2 θ])
2Σ3


(81)
and, according to Eq.(7), the fluid stress-energy tensor
becomes
T µν =


− ρqF1 0 0 F2
0 −ρq 0 0
0 0 ρq 0
−F3 0 0 ρ
q
F1

 , (82)
where F1, F2, and F3 are complicated expressions of the
fluid and metric variables, becoming unity in the non-
rotating limit, a → 0, ω → 0. For instance, the function
F1 takes the form
F1 =
sin2 θ
(
ω2
(
a2 + x2
)2
+ a2 − 2afΣω
)
∆
(
1− a2ω2 sin4 θ)+ sin2 θ (ω2 (a2 + x2)2 − a2)
− ∆
(
a2ω2 sin4 θ + 1
)
∆
(
1− a2ω2 sin4 θ)+ sin2 θ (ω2 (a2 + x2)2 − a2) ,
By direct comparison between the expressions of Gµν and
κ2T µν above, it is easy to see that
κ2ρq =
r2q
2Σ2
, (83)
which can be interpreted as the energy density of an ax-
ially symmetric electromagnetic field described by
Aµ = (At, 0, 0, Aφ) =
Qx
Σ
(1, 0, 0,−a sin2 θ) , (84)
from which the components of the field strength tensor
are immediately obtained in the usual way. Moreover, a
glance at the above expression for F1 shows that ω follows
simply by solving a quadratic algebraic equation, whose
physical solution (rotating in the same direction as the
black hole) can be shown to correspond to
ω =
a
a2 + x2
. (85)
We thus now have all the necessary ingredients to map
the Kerr-Newman solution of GR into a rotating solution
in the EiBI gravity theory coupled to the Born-Infeld-
type electrodynamics, as given by the action (30). To
this end, we parallel our approach to the static case pre-
sented in Section III B and apply it to the rotating case.
For this purpose, we will use the metric (79) as the seed
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solution, together with the definitions (80), and the fol-
lowing expressions
ρq =
r2q
2κ2Σ2
, (86)
pq⊥ = ρ
q = −pqr , (87)
vµ =
(
−
√
∆
Σ
, 0, 0, a sin2 θ
√
∆
Σ
)
, (88)
ξµ =
(
0,
√
Σ
∆
, 0, 0
)
, (89)
for the energy density ρq and the radial pqr and tangen-
tial pq⊥ pressures, and the unit vectors vµ and ξµ. Now,
using the relation between metrics presented in (19), the
spacetime metric gµν can be written in this case as
gµν = qµν + ǫκ
2ρqhµν , (90)
where the additional piece induced by EiBI gravity cor-
rections reads
hµν =


− (∆+a2 sin2 θ)Σ 0 0 a(∆+x
2+a2)
Σ sin
2 θ
0 Σ∆ 0 0
0 0 −Σ 0
a(∆+x2+a2)
Σ sin
2 θ 0 0 −
[
(x2+a2)2+a2∆sin2 θ
Σ
]
sin2 θ

 .
(91)
Therefore, the final solution for a rotating black hole of
EiBI gravity coupled to Born-Infeld-type electrodynam-
ics (that is, the action of (30)) is obtained, in Boyer-
Lindquist coordinates, as
ds2 = −
(
1− f + ǫκ2ρq (∆ + a
2 sin2 θ)
Σ
)
dt2 − 2a
(
f − ǫκ2ρq (∆ + x
2 + a2)
Σ
)
sin2 θdtdφ (92)
+
(1 + ǫκ2ρq)Σ
∆
dx2 + (1 − ǫκ2ρq)Σdθ2 +
[ (
x2 + a2 + fa2 sin2 θ
)− ǫκ2ρq (x2 + a2)2 + a2∆sin2 θ
Σ
]
sin2 θdφ2 ,
where the corrections in ǫ from EiBI gravity to the Kerr-
Newman solution of GR are apparent. Pretty and clean.
This is the main result of this work.
A basic aspect to note is the fact that the vacuum
solution, rq = 0 (which implies ρ
q = pqr = p
q
⊥ = 0),
coincides with the Kerr solution of GR. This is consis-
tent with the general statements about the behaviour of
RBGs in absence of matter; only when the density func-
tion ρq in Eq.(86) is non-vanishing do we have modifica-
tions as compared to the GR solution. Indeed, far from
the sources, the line element (92) boils down to
ds2 = −
[
1− 2M
r
+O(r−2)
]
dt2 (93)
+
[
4aM sin2 θ
r
+O(r−2)
]
dtdφ
+
[
1 +O(r−1)] (dr2 + r2dΩ2) , (94)
which is nothing but the asymptotic limit of an axially
symmetric rotating body in Boyer-Lindquist coordinates.
This implies the consistence of these objects with the
observations of orbital motions of test particles around
any of them. The changes induced by the RBG theory
on GR solutions will be stronger in those regions where
the energy density reaches its highest values, which in the
present case is the innermost region (for the sake of this
work, we shall leave aside the analysis of circular orbits
outside of the event horizon, which deserves a separate
analysis, to be carried out elsewhere).
Let us point out that, for slowly-rotating black holes,
a≪ 1, the line element (92) boils down to
ds2 =
[
− (x
4 + sr4c )∆0
x6
+
(cos2 θ∆0
x4
+ sr4c
(
− 1 + sin
2 θ
x6
+
3 cos2 θ∆0
x8
))
a2 +O(a4)
]
dt2
+
[
2a sin2 θ
(
r2q(x
4 + sr4c )− 2x(−2sr4cx+ rS(x4 + sr4c ))
2x6
)
+O(a3)
]
dtdφ
+
[
x4 + sr4c
x2∆0
+
−x2(x4 + sr4c ) + cos2 θ(x4 − sr4c )∆0
x2∆20
a2 +O(a4)
]
dx2 (95)
+
[(
x2 − sr
4
c
x4
)
+ cos2 θ
(
1 +
sr4c
x4
)
a2 +O(a4)
]
dθ2
+
[(
x2 − sr
4
c
x2
)
+
x2(sr4c (−2 + 3 cos2 θ) + x4)− sin2 θ(r2q (x4 + sr4c )/2 + x(sr4cx− rS(x4 + sr4c ))
x6
a2 +O(a4)
]
dφ2 ,
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where ∆0 ≡ ∆(a = 0) = x2−rSx+r2q/2 and we have used
that ǫκ2ρq ≡ sr4c/Σ2 via Eq.(86). From this expression it
is clearly seen that rotation induces linear and quadratic
corrections in a to the spherically symmetric solutions
described in Sec.III and given by the line element (31).
Before concluding this section, for completeness we
write the line element (92) in Eddington-Finkelstein coor-
dinates given by the transformations dv = dt+ (x
2+a2)
∆ dx
and dϕ = dφ + adx/∆ as:
ds2 = −
(
1− f + ǫκ2ρq (∆ + a
2 sin2 θ)
Σ
)
dv2 + 2
(
1 + ǫκ2ρq
)
dvdx − 2a sin2 θ
(
f − ǫκ2ρq (∆ + x
2 + a2)
Σ
)
dvdϕ (96)
− 2a sin2 θ (1 + ǫκ2ρq) dxdϕ+ (1 − ǫκ2ρq)Σdθ2 + [ (x2 + a2 + fa2 sin2 θ)− ǫκ2ρq (x2 + a2)2 + a2∆sin2 θ
Σ
]
sin2 θdϕ2 .
B. Properties of the solutions
1. Horizons and ergoregions
In the rotating solution obtained above, one can verify
that the vectors normal to the x =constant hypersurfaces
have norm given by
nµnµ =
Σ(x− xKN+ )(x − xKN+ )
Σ2 + sr4c
, (97)
where we have defined
xKN± =
rS ±
√
r2S − 4(a2 + r2q/2)
2
. (98)
From this expression, it is evident that the hypersurfaces
x = xKN± have vanishing norm, whereas there is a diver-
gence if the denominator vanishes when s = −1. One
can verify that this divergence is of the same nature as
that found in the non-rotating case, since the hypersur-
face (Σ−sr4c/Σ) =constant has vanishing norm precisely
at Σ = r2c when s = −1. The two hypersurfaces x = xKN±
turn out to be Killing horizons of the combination
ξ = χ+
a
x2 + a2
m , (99)
where χ = ∂t and m = ∂φ are the Killing vectors as-
sociated to time translations and rotations around the
symmetry axis, respectively. A glance at the norm of
this vector ξ puts forward that Σ = r2c is also a Killing
horizon when s = −1:
ξµξµ =
(x− xKN+ )(x − xKN+ )(Σ2 + sr4c )
(x2 + a2)Σ2
. (100)
Let us now consider the conditions for the existence of
ergoregions. The norm of the time-like Killing vector χ
is given by
χµχµ =
(x− xe−)(x − xe+)
(x2 + a2 cos θ2)
+ sr4c
(x− ye−)(x− ye+)
(x2 + a2 cos θ2)3
,
(101)
and it vanishes when the condition
(x− xe−)(x− xe+)
(x2 + a2 cos θ2)
= −sr4c
(x − ye−)(x − ye+)
(x2 + a2 cos θ2)3
, (102)
is satisfied, where we have introduced the definitions
xe± =
rS ±
√
r2S − 2r2q − 4a2 cos2 θ
2
(103)
ye± =
rS ±
√
r2S − 2r2q − 4a2(sin2 θ + 1)
2
. (104)
In general, the solutions to Eq.(102) are difficult to ob-
tain analytically, though some useful information can be
obtained on simple grounds. Firstly, note that
xe− ≤ ye− ≤ ye+ ≤ xe+ , (105)
and that the sign of the left-hand side of (102) must be
the same as that on the right-hand side. According to
this, if s = 0 (the GR case) then the only solutions are
x = xe±, which define the usual ergoregions of the Kerr-
Newman solution. If s = +1 then the solutions must
satisfy
xe− ≤ x ≤ ye− and ye+ ≤ x ≤ xe+ , (106)
while if s = −1 then the solutions satisfy instead
x ≤ xe− ye− ≤ x ≤ ye+ and x ≥ xe+ . (107)
The equalities in the above relations are useful in order
to note that, on the rotation axis (θ = 0, π), then xe± =
ye±, which indicates that the new ergoregions are smooth
deformations of those present in the GR solutions. Away
from the rotation axis, a perturbative approach can be
used to estimate the leading order corrections in some
cases of interest. Given that in the rc → 0 limit one
recovers the GR solutions xe±, approximated solutions
can be obtained in the astrophysical limit, in which rc
is much smaller than xe− (assumed to be real). In fact,
taking x = xe±+δ± and using Eq.(102) it is easy to verify
that
δ± = ∓ sr
4
c
((xe±)2 + a2 cos θ2)2
(xe± − ye−)(xe± − ye+)
(xe+ − xe−)
+O(r8c )
(108)
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In the slowly-rotating limit, where the line element is
given by Eq.(95), this quantity boils down to
δ± ≈ ∓s 8a
2 sin θ2r4c√
r2S − 2r2q
(
r2q + rS
(
−rS +
√
r2S − 2r2q
))2
+ O(a4) . (109)
This indicates that rotating black holes in extensions of
GR can indeed exhibit an external ergoregion different
from that expected in GR. Bounds on potential devia-
tions could be obtained by the observation of accretion
disks [78], shadows [79], and other means [80], to be ex-
plored in future works. In this sense, we point out that
by turning back to the exact expression (101), one can
verify that on the hypersurface Σ = r2c it boils down to
χµχµ = 2a
2 sin2 θ/r2c , which vanishes on the equatorial
plane θ = π/2. This provides an exact, though partial,
solution to the existence of ergoregions, whose character-
ization will be carried out elsewhere.
2. Metric and curvature divergences
We have already seen that the hypersurface Σ = r2c
leads to metric singularities when s = −1, as it induces
the vanishing of the cross-term dvdx in the representation
(96). Additional problems can be guessed by looking at
the zeros of the gθθ component. From Eq.(92) there are,
in principle, two such cases:
Σ ≡ x2 + a2 cos2 θ = 0 ; Σ2 − sr4c = 0 , (110)
The first one corresponds to the region where the elec-
tromagnetic field energy density in GR diverges, see (83),
that is
x = 0 ; θ = π/2 . (111)
As for the second, it only admits a real solution in the
branch s = +1, where it becomes
Σ = r2c ↔ x2 + a2 cos2 θ = r2c . (112)
In the spherically symmetric limit a→ 0 studied in Sec.
III, the s = +1 case that we are considering here was
characterized by the vanishing of the area of the two-
spheres at x = rc, preventing x from taking smaller val-
ues (since, otherwise, the metric signature would change).
Now we see that a non-vanishing angular momentum has
an important impact on this relation. As is evident, on
the equatorial plane (θ = π/2) this condition occurs ex-
actly at x = rc, like in the spherical case. Considering
smaller values of x on the plane θ = π/2 would imply a
change of signature in the metric and suggests that we
should discard the first case in (110), Σ = 0, as unphys-
ical for this value of s. On the contrary, for s = −1,
there is no signature change and Σ = 0 still represents
a physically acceptable region (a non-spherical boundary
of infinite area).
Further useful information on the relevance of the con-
ditions (110) can be extracted by looking at curvature
invariants. The Ricci scalar, for instance, has a structure
of the form
R =
Ps(x, θ; a, rc
4, rS , r
2
q)
Σ (Σ− r2c )3
, (113)
where Ps(x, θ; a, r
4
c , rS , r
2
q) is a polynomial that vanishes
if rc → 0. The denominator of this quantity shows the
critical cases identified in (110) and puts forward that
the Ricci scalar has problems at Σ = r2c regardless of
the sign of ǫ. Something similar happens to RµνR
µν and
RαβµνRα
βµν but they have a much more complicated ra-
tional structure that does not illuminate the discussion.
We thus see that on the hypersurface Σ2 = r4c curvature
invariants diverge. This happens, in particular, when
x = rc on the equatorial plane θ = π/2, like in the spher-
ically symmetric case. As one moves back from θ = π/2
towards θ → 0 (the rotation axis), the condition Σ = r2c
extends the range of x below the spherical limit x = rc.
If a2 > r2c , we may reach x = 0 at a critical angle θc such
that
a2 cos2 θc = r
2
c . (114)
For angles within 0 ≤ θ < θc and π/2 + θc ≤ θ < π,
the condition Σ = r2c cannot be satisfied. In the limit
r2c/a
2 ≪ 1, it is clear that the divergence will be located
very near the equatorial plane, being completely confined
on the plane in the GR limit rc → 0 (yielding the well-
known ring singularity). If a2 ≤ r2c then the condition
can be satisfied by some 0 < x < rc for any azimuthal
angle 0 ≤ θ ≤ π. A deeper analysis in terms (possibly
of some extension) of Cartesian Kerr-Schild coordinates
could help better understand the geometry of this singu-
lar region. However, together with its maximal analytical
extension, this is a non-trivial aspect to be explored else-
where because the general structure of the metric shown
in (19) indicates that gµν cannot be written in standard
Kerr-Schild form even if qµν admits such a decomposi-
tion. The conformal factor in front of qµν is just one of
the reasons against that possibility.
Before concluding this section, it should be noted that
the energy density at Σ = r2c is finite in the wormhole case
(s = −1) but divergent in the other case (s = +1), as it
follows from (22), because ρ˜GR ≡ ǫκ2ρq = sr4c/Σ2 = s
when Σ = r2c . The behavior of the angular pressures
is just the opposite, as shown by (23), being divergent
in the wormhole case and finite in the other. On the
other hand, a glance at the induced geometry on the
surfaces of t and x constant, shows that at Σ = r2c the
equatorial and polar circumferences (with θ = π/2 and
φ = constant, respectively) in the wormhole case have
proper length given by
leq = 2π
√
2
(r2c + a
2)
rc
and lpol = 2
√
2πrc , (115)
which illustrates the lack of spherical symmetry due to
the non-vanishing angular momentum.
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V. CONCLUSION
Testing the Kerr hypothesis on the nature of astro-
physical black holes via several means is currently a hot
topic in the investigation on the reliability of General
Relativity as compared to its many alternatives on their
strong-field regime, thanks to the existence of a varied
pool of present and future observations. However, the
low supply of exact rotating solutions available in the lit-
erature of modified theories of gravity might prevent to
test in detail the predictions of the modifications of GR
using the full power of the observational machinery al-
ready available (see e.g. [80] for a recent discussion on
this topic). Therefore, the investigation of rotating black
hole solutions of modified theories of gravity beyond GR
demands the development of new strategies and ideas to
address the specific challenges of this field.
In this paper we have put to work one such idea,
namely, a recently discovered correspondence that al-
lows to map the field equations of Ricci-based theories of
gravity formulated in metric-affine spaces and GR itself.
Via this correspondence any RBG coupled to some mat-
ter source can be mapped into GR coupled to the same
matter source but described by a different Lagrangian
density (non-canonical, in general), in such a way that
the solutions of the former can be obtained from the
solutions of the latter using purely algebraic transfor-
mations. This correspondence has been developed for
general anisotropic fluids as a matter source though ex-
tensions to other scenarios (for instance, dynamical ones)
are also possible. While in previous works the proof of
concept of this method was established by re-deriving
previously known spherically symmetric solutions, in the
present work we have made used of this correspondence
to show that GR coupled to Maxwell electrodynamics can
be mapped into Eddington-inspired Born-Infeld gravity
coupled to a Born-Infeld-type electrodynamics.
Equipped with this result we proceed to solve the field
equations of this setting for electrostatic, spherically sym-
metric scenarios by hard force, and then checked that the
application of the mapping procedure yields exactly the
same result by a much more direct and simpler route.
Next we discussed the features of the configurations ob-
tained this way for both signs of the EiBI parameter ǫ.
For the s = +1 case such configurations have a minimum
radial coordinate x = rc beyond which no further exten-
sion of the space-time is possible, while in the s = −1 case
this minimum radius represents the throat of a worm-
hole structure. These two different behaviors translate
in a modified description of horizons, curvatures, and
geodesics. Indeed, in the wormhole case, while curva-
ture scalars generically diverge at the throat, the exis-
tence of a configuration with bounded scalars suggests
that geodesics might be complete.
Elaborating upon this firm ground, the main highlight
of the present paper was to use this framework in order
to find the rotating counterpart of the Kerr-Newman so-
lution of GR in the EiBI theory. Doing this required a
bit more care, but finally we managed to obtain this solu-
tion under a closed exact form (in both Boyer-Lindquist
and Eddington-Finkelstein coordinates), where the new
gravitational corrections to the GR solution appear as
new terms in ǫ. This solution has a number of distinc-
tive properties, such as a different structure of horizons
and ergoregions as compared to that of the Kerr-Newman
one, a nontrivial surface with curvature divergences, a
non-spherical (exact) wormhole structure, and other as-
pects related to the analytical extensions of the geom-
etry and choices of coordinates to be further explored
elsewhere.
The bottom line of this discussion is the reliability of
the mapping method to find exact analytical solutions
of interest for metric-affine gravity of the kind consid-
ered here. The implementation of such solutions and the
analysis of their features is very timely given the open
opportunities available for testing modified gravity in as-
trophysical settings using the pool of available data: ac-
cretion disks, strong gravitational lensing and shadows,
generation of gravitational waves in binary mergers, and
so on. In this sense, despite all the limitations and its
unlikely physical relevance, the exact rotating solutions
analyzed here are very useful from the point of view of en-
riching the theoretical discussions regarding potentially
observable deviations in the structure of such solutions as
compared to GR ones. Now, exploring further families of
nonlinear electrodynamics and/or scalar fields parallel-
ing our analysis, and extensions of these results to other
RBGs, could be useful to buid up a catalogue of new ro-
tating solutions in more physically appealing models, in
order to identify generic features and templates that can
be compared with the data from multimessenger astron-
omy. Work along these lines is currently underway.
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